Measrement of intake and uptake of cadmium in relation to diet composiion were carried out in 57 nonsmokinjg women, 20-50 years of age. A vetaianih-fiber diet and a mixed-diet group were constructed based on results from a food firquency questionnaire. Duplicate diet and the coresponding 6fces were colleced during 4 consecutive days in paallel with dietary recording of type and amount ofifod inged for detemInation of the dietary intake of cadmium and various nutients. Blood and 24-hr urne samples were collected for determination of cadmium, hemoglobin, frritin, and zinc. Ther were no differences in the intae of nutents beween the mixed-diet and the high-fiber diet groups, expt for a si hige intake of fiber (p0.00l) and cadmium (p4O.002) in the high-fiber group. Fed cadmium corresponded to 98% in the mixed-diet group and 100% in the high-fiber diet group. No differences in.
group. Fed cadmium corresponded to 98% in the mixed-diet group and 100% in the high-fiber diet group. No differences in.
blood cadmium (BCd) or uinary cadmium (UCd) between groups could be detected. There was a tendency toward higher BCd and UCd concentrations with increasing fiber intake; however, the concenations were not sta ally sinificanta the 5% levl, inVdicatian nhibitory effit of fiber on the gastroiWninal absorption of admium. Sixy-seven percent of the women had serum ferritin <30 pg/ idicat educed body ren stor which wer highly associated with higher BCd (irrespective of fiber intake). BCd was mainly correlated with Cd serum , a nd fiber intake. UCd and serum erritin explained almost 60% of the variation in BCd. UCd was mainly correated with age, fiber intake, cadmium intake, and serum ferritin, besides BCd. Age and fiber intake explained 22% Cadmium poses a threat to human health mainly because of its extremely long biological half-time, years in the liver and kidneys (1) . The cadmium concentration in the kidneys increases steadily with age (2) . At a critical concentration of cadmium in kidney cortex, damage of the proximal renal tubular cells occurs, resulting in increased urinary excretion of low molecular weight proteins, which may be used as biomarkers of cadmium-induced kidney damage (3) (4) (5) . Recent studies on the effects of environmental exposure to cadmium in the general population in Belgium indicate that the critical concentration of cadmium in the kidney cortex is about 50 mg/kg (4), which is considerably lower than previous estimates and not much higher than that found in the general population (6) . Therefore, it is important to identify significant sources of cadmium exposure and factors influencing the uptake.
The diet is the main source of cadmium exposure (>99% on average) in the general nonsmoking population of Sweden (7) . Most foods contain relatively low concentrations of cadmium, but high concentrations may be found in certain mushrooms, liver, and kidney; cadmium is accumulated in liver and kidney, and shellfish, especially the hepatopancreas (5, 8, 9) .
Cereals, especially the unrefined wheat products, rice, and vegetables, often have elevated cadmium concentrations compared to dairy products, meat, and fish. Thus, it seems likely that people eating a lot of unrefined cereals and vegetables have an elevated intake of cadmium. The addition of cadmium to soil via air pollution, fertilizers, and sewage sludge has caused a steady increase of cadmium in Swedish wheat during the last decades (10) (11) (12) . The ongoing acidification of soil (due to acid rain and application of fertilizers) may increase the solubility of soil cadmium and thereby the bioavailability to plants.
The average gastrointestinal (GI) absorption of cadmium (about 5% in adults) varies considerably between individuals (5, 13, 14) . Experimental animal studies indicate that the GI absorption of cadmium may be greatly influenced by diet composition and nutritional factors, e.g., dietary content of fiber components, and low dietary intake of zinc, calcium, and iron (13, (15) (16) (17) (18) (19) (20) , but the mechanisms involved have not been elucidated. The whole-body retention after a single dose of radiolabeled cadmium mixed with rolled oats and milk was shown to be inversely correlated with serum ferritin concentrations in 22 humans, indicating an increased absorption of cadmium at low body iron stores (19l). On the other hand, serum ferritin was not correlated with cadmium concentrations in urine or blood in a study of the general population in Belgium (21) . Little is known about the influence of diet composition and nutritional status on metal absorption in human subjects. This paper describes the uptake and body burden of cadmium in relation to the dietary intake of cadmium, the dietary composition, and the nutritional status. Cadmium concentrations in blood, urine, and feces were compared to dietary cadmium intake in women consuming a mixed or a high-fiber diet.
Materials and Methods
Study group. Nonsmoking women, 20-50 years of age, not occupationally exposed to cadmium, were recruited via the local radio and press in two towns in the western part of Sweden. Women were chosen as subjects because they have higher cadmium concentrations in blood and higher body burdens of cadmium than men (2, 4, 22) . Furthermore, low iron stores, which have been associated with increased GI absorption of cadmium, are more common among premenopausal women (23) . Because cigarette smoking may significantly increase body burden (kidney concentration), and blood cadmium concentration as much as five times (22) -.X; l iiiI -e IL * E on this information, the women were categorized into two groups: a high-fiber group (N= 23) and women on a mixed diet (N = 34). Women with no meat consumption or a high consumption frequency of vegetables and unrefined cereal products constituted the high-fiber group. The mixeddiet group included women who did not report high consumption frequencies of fiber products or high consumption of shellfish, which are known to contain relatively high concentrations of cadmium (8) . A major part of the FFQ used in the present study has been validated by comparison with a dietary history interview (25) .
Sample collection and food records. The women were invited to information meetings before the study began, and detailed sampling instructions were given. (30, 31) .
Cadmium in blood was determined by graphite furnace AAS with background correction, using L'vov's platform in a pyrolytical graphite tube and peak area evaluation (Perkin Elmer model 5000 Zeeman with HGA-500), following deproteinization by addition of 0.5 ml 0.8 M nitric acid (HNO3), according to Stoeppler and Brandt (32) and Elinder et al. (33) . Hemoglobin in blood was analyzed colorimetrically by a Photometer Al 204 (Analysinstrument, Stockholm) using a standard solution of cyanmethemoglobin (BDH clinical reagents, BDH Laboratory Supplies. Zinc in serum was determined spectrophotometrically, using a colorimetric zinc assay (Wako Chemicals, Neuss, Germany), and ferritin in serum was determined using an immunoassay (IMX Ferritin Assay, IMX System, Abbott, Stockholm), at Medilab AB, Stockholm. Urine samples were controlled for glucose, proteins (albumin) and pH using NCombur-Test (Boehringer-Mannheim, Mannheim, Germany) before determination of creatinine (34) and density (Goldberg refractometer), since variations in the former parameters may influence the determination of the latter. The concentration of UCd (duplicate samples) was determined by graphite furnace AAS (method of standard addition) after acidification (35) .
Quality control and validation procedures. All the materials used for sample collection, preparation, and storage were acid washed with 10% HNO3 rinsed several times with deionized water, and tested for possible cadmium contamination before the study began. Cadmium concentration was below detection limits (mean of blanks + 3 SD of mean of blanks). Quality control samples of bovine blood spiked with cadmium (36), simulated human diets (3O), and freeze-dried human feces (36) lyzed together with the feces samples collected. The regression equation for the obtained values versus the reference values was y = 0.92x + 0.07 (pg Cd/g dry weight), R2= 0.996. The maximum deviation interval (90% power) was ±(0.04x + 0.08), the empirical residual deviation was 0.04 pg Cd/g dry weight.
Results of analyses of standard reference materials for cadmium in bovine liver (NIST, Washington, DC) and urine (Seronorm, Nycomed Co., Oslo, and NIST), SFer (IMX Ferritin Controls, Abbott Scandinavia AB, Stockholm), and zinc in bovine serum (Nycomed Co.), are presented in Table 2 The mean food frequency points (consumption frequencies) for various food groups, calculated based on the FFQ (usual 1.4 Reference lab results (gg Cd/I) intake) and the dietary records (current intake), were compared. Overall, there was good agreement between usual and current intake, both in the mixed-diet group and in the high-fiber group, with the exception of biscuits (p<0.001 in both groups, Mann-Whitney nonmatched test), sweets (p<0.004 in the mixed-diet group and p<0.026 in the high-fiber group), and vegetables (p<0.022 in the high-fiber group) being reported as consumed more seldom than they actually were during the study period (Fig. 3) . The results indicate that dietary records reflected the usual dietary intakes of the main food groups well. 9.mmzpom9 .9
9-- Tables 6 and 7 . The concentrations of Hb, SZn, and urine creatinine (g/24 hr) were within normal ranges (41) , but SFer concentrations were low in both groups, despite an iron intake corresponding to the Swedish nutritional recommendations. aAdjusted to a density of 1.012 g/ml. and boby mass index were performed, following logarithmic transformation of cadmium in duplicate diets, blood and urine, and of ferritin in serum, to approach normal distribution (Table 8 ). The strongest correlations with log BCd were obtained with log UCd, log SFer, age, and fiber intake, and to a lesser extent with intake of energy and of cadmium. The SFer concentrations were negatively associated with BCd (Fig. 4) , while the fiber intake was positively associated with BCd (Fig. 5) . For log UCd, the strongest correlation was obtained with age, besides BCd, and weaker correlations were obtained with fiber intake and SFer. Both log BCd and UCd were negatively associated with SFer and positively associated with fiber intake (g/day and g/MJ), energy intake, and age. Log BCd and UCd were highly correlated (R= 0.67).
To determine the relative influence of various independent variables (predictors) on BCd and UCd, the variables in Table 8 with a p-value <0.1 were entered into a stepwise multiple regression model, one Since SFer and fiber intake were inversely correlated with BCd, the relative influence of SFer and fiber intake on BCd was evaluated by dividing the women into groups in relation to low and high concentrations of SFer (depleted and repleted body iron stores), and low and high intakes of fiber (g/MJ) according to Table 9 . The median BCd concentration was significantly higher at a low SFer (<20 pg/l) than at a high SFer (>30 pg/I), irrespective of fiber intake. Both BCd and UCd concentrations were higher at the high fiber intake, irrespective of SFer concentration, however, not statistically significant at the 5% level ( Table  9) . As expected, the daily dietary intake of cadmium was higher at the high fiber level than at the low fiber level (Table 9 ).
Discussion
We previously reported a median dietary intake of cadmium (7-day duplicate diets) in 15 nonsmoking women of 8 pg Cd/day (11 pg Cd/ IO MJ), with a range of 2-56 pg Cd/day in a total of 105 daily duplicate diets (7,4X. This was similar to the earlier estimated cadmium intake based on analyses of seven prepared typical Swedish daily diets of 10 pg Cd/day or 8.4 pg Cd/10 MJ (43) . In the present study, however, the median cadmium intake was 11 pg/day (17 pg/I0 MJ), with a range of 7-77 pg Cd/day in a total of 228 daily duplicate diets, and higher in the high-fiber group than in the mixed-diet group. This may indicate an increased intake of cadmium in the Swedish population over time, possibly due to increased mobilization of cadmium, for example, caused by the ongoing environmental acidification. However, the conthose found in previous national studies centrations of cadmium in blood and urine (7, 22, 44, 45) . If there is a true trend of found in the present study were similar to increasing cadmium exposure over time aAdjusted to a density of 1.012 g/ml. lines indicate the 95% confidence interval. (49) . In the present study, the intakes of calcium and protein corresponded to the nutritional recommendations (i.e., no influence on cadmium absorption of calcium and protein intake could be expected). Thus, there were no indications that the dietary habits of the selected women were extreme in any way or that dietary habits had changed considerably during the sampling period.
However, it should be emphasized that dietary intake of various nutrients calculated based on 4-day dietary records may not adequately reflect the usual intake, especially of nutrients for which day-to-day variations in intake are large (50 (14, 18) .
In the present study, 44% of the women had SFer <15 pg/l, indicating depleted bone marrow iron stores as defined by Milman et 20 pg/l had BCd up to 0.96 pg/l (Fig. 4) . It seems likely that cadmium competes with Fe2+ for a common binding site in the iron-transfer system in the intestinal mucosa at low body iron stores (19) . At repleted iron stores, cadmium is probably absorbed via other mechanisms (54 (15, 55, 56) , it would be expected that a diet rich in unrefined cereal grains would prevent high absorption of dietary cadmium. In the present study, the high-fiber diets contained significantly more cadmium than the low-fiber diets, which is in agreement with the location of cadmium mainly in the bran fraction. Fiber intake was highly correlated with cadmium intake (R = 0.57), indicating that most of the cadmium in the diets originated from the fiber. There was a tendency toward higher BCd and UCd with increasing fiber intake, irrespective of SFer concentrations, but the trend was not statistically significant on the 5% level.
It has generally been accepted that BCd cadmium concentrations mainly reflect ongoing exposure, whereas UCd mainly reflects the body burden of cadmium, especially at relatively low exposure levels (5, 24) . However, it should be noted that the metabolic model established for cadmium (13) is mainly based on high-dose animal and human exposure situations, which may not be valid at long-term, low-level exposure. The present study shows that at exposure levels giving rise to a median blood concentration of 0.23 pg Cd/I (range: <0.09-0.96), BCd was highly correlated with UCd (R = 0.67), i.e., the body burden of cadmium, and UCd was the main determining factor for BCd. In fact, there was no correlation between BCd and daily dietary intake of cadmium. Thus, BCd is not a useful indicator of ongoing exposure at the low exposure levels found in the present study. Both BCd and UCd were significantly and positively correlated with age, which has previously been shown for UCd (2, 44) .
The median urinary cadmium excretion in the present study was 0. 13 
